ABSTRACT
INTRODUCTION
Injuries to the retrohepatic and the suprahepatic segments of the inferior vena cava have mortality rates over 80%. 1, 2 Treatment of these require expeditious mobilization of the liver for clear exposure of the retrohepatic and the suprahepatic inferior vena cava. This move is technically difficult to carry out in the presence of active bleeding increasing the risk of rapid intraoperative exsanguination even when performed by seasoned trauma surgeons. Moreover, because patients are usually hemodynamic unstable on presentation any attempt to occlude the inferior vena cava below the liver, where it is easily accessible, will provoke reduction in preload and sudden cardiovascular collapse. Furthermore, Pringle maneuver and rigorous packing of the liver are not effective hemorrhage control strategies for treating injuries to the retrohepatic and the suprahepatic inferior vena cava. 2, 3 Unfortunately, additional approaches aimed at temporizing hemorrhage from retrohepatic and suprahepatic inferior vena cava injuries proved to be unsatisfactory, only scantly improving survival rates by 25 to 30%. 1, 3 Case in point, the atriocaval shunt (Schrock shunt) is a technically challenging procedure and is linked to significant complications. 4, 5 Consequently, it is often used as a "last ditch" recourse to control bleeding in patients with retrohepatic inferior vena cava (RH-IVC) and suprahepatic inferior vena cava (SH-IVC) injuries. Moreover, the atriocaval shunt does not provide complete vascular isolation of the liver. Intravascular balloon shunt inserted in the IVC via the saphenousfemoral junction is a less invasive option to provide hemorrhage control and venous return prior to surgical exploration of the injury. 6, 7 However, comprehensive usage of this method has not been reported. Venovenous bypass as an adjunct to hepatic vascular exclusion has also been used sporadically with variable success. [8] [9] [10] [11] Ultimately, nonoperative management of injuries to the retrohepatic and the suprahepatic IVC has also been described. However, the success of this strategy is for the most part unpredictable, despite multidisciplinary approach involving interventional radiologic techniques. 4, 5, 12, 13 Complete vascular exclusion of the liver during direct operative repair (Heaney maneuver) provides proximal and distal control of the IVC, portal inflow occlusion, and a potentially "bloodless field". This approach was used in combination with selective aortic cross-clamping in a series of 10 patients with juxtahepatic IVC injuries resulting in a survival rate of 70%. 14 Notwithstanding its suitability, intra-operative vascular exclusion of the liver by sequential occlusion of the IVC and the hepatic pedicle is a difficult procedure to perform in the setting of massive bleeding. Therefore, hemorrhage control through an endovascular route is an appealing strategy prior to direct repair of RH-IVC and SH-IVC injuries. The emergence of REBOA has spawned interest in the use of this technology to control hemorrhage in major abdominal venous injury. [15] [16] [17] [18] [19] Two recent studies describe the use of REBOVC to control bleeding from this vessel. 18, 20 However, the animal model used in the most current study did not faithfully simulate the uncontrolled nature of an injury to the suprahepatic IVC in the setting of pre-existing hemorrhagic shock.
In the present study, we describe a technique for complete hepatic vascular exclusion and aortic occlusion with sequential deployment of three (REBOA) and two in the vena cava REBOVC in addition to the Pringle maneuver. This approach can be used that can be used both intra-operatively and pre-operatively.
MATERIALS AND METHODS
This study was approved by the Animal Care Committee of the Li Ka Shing International Knowledge Institute of St. Michael's Hospital (protocol number ACC 629). A total of seven adult male Yorkshire swine (Sus scrofa) weighing 56.5 kg (± 6.5 kg) were acclimated for 7 days prior to the experiment.
Animal Preparation
In brief, animals were anesthetized with ketamine (20 mg/kg intramuscular injection), xylazine (2 mg/kg), and atropine sulphate (1 mg/25 kg), followed by intubation. Mechanical ventilation was set at tidal volume of 10 ml/kg and a respiratory rate of 15 breaths per minute. Anesthesia was maintained throughout the procedure with Isoflurane inhalation (2-5%). Pulse oximetry, electrocardiogram (ECG), and heart rate were monitored continuously; animals were placed on a warming blanked at 39 o C. Proper positioning of the 40mm balloon just above the diaphragm within the suprahepatic IVC was verified by briefly inflating the balloon with iodinated contrast media ( Fig. 1) . Ultimately, the left groin was explored to expose the left femoral vein. The third CODA® balloon catheter (10Fr) was introduced in the left femoral vein as previously described. The balloon was advanced into the infrahepatic IVC and positioned within the IVC just above the renal veins under fluoroscopic guidance. A proximal ligature (2-0 silk suture-SOFSILK™, Covidien, Sunnyvale, CA) was placed around each vessel proximal to the point of entry of the balloon catheter. Thus, preventing catheter dislodgement. To prevent dislodgment, each catheter was secured in place with a proximal ligature around the corresponding vessel and the catheter using a Positioning of the balloon catheters, the MAP and the CVP were reassessed following a five-minute observation period. Subsequently, a splenectomy was performed through a midline laparotomy to prevent splenic contraction and hemodynamic variation from autotransfusion. A 500 ml bolus of Ringer's lactate was given at this time and hemodynamics reassessed.
Hemorrhagic Shock
Shock was induced by hemorrhage from the catheter sheath positioned in the left carotid artery. The target hemorrhage volume was set at 35% of the total blood volume in adult swine (66 ml/Kg) as described in previous research. 21 Hemorrhage lasted for 20 minutes, with half of the target volume removed during the first 7 minutes and the remainder removed during the last 13 minutes as described in previous research. 21 The withdrawal of blood was interrupted if MAP decreased to < 30 mm Hg, restarting hemorrhage when MAP increased above 30mmHg. Blood was collected in a graduated glass jar (Chemglass Life Sciences, Vineland, NJ) containing 10,000 units of heparin. Animals were maintained in shock without any intervention for another 20 minutes after the target hemorrhage volume was removed. A new set of blood samples was obtained at the end of the 20-minute period.
Total Vascular Exclusion of the Liver During Shock Without Suprahepatic IVC Injury
The balloon within the thoracic aorta (REBOA) was inflated first. Subsequently, a Pringle maneuver was performed using a Satinsky clamp. Afterward, the balloon of the first REBOVC device was inflated within the infrahepatic IVC as previously described. Ultimately, the balloon of the second REBOVC device was inflated in the suprahepatic IVC. All balloons were inflated with 7 ml of iodinated contrast media. Proper positioning of the balloons were confirmed by fluoroscopy. Loss of the arterial waveform from the right femoral artery confirmed complete aortic occlusion. Total vascular exclusion of the liver was confirmed by absence of flow within the liver parenchyma through intra-operative Doppler ultrasonography. The balloons were maintained inflated concurrently with Pringle maneuver for a period of 15 minutes. Hemodynamic data were recorded throughout this period. Subsequently, hepatic vascular exclusion was reversed through balloon deflation and release of the Pringle maneuver in the following sequence: first, the deflation of the REBOVC device positioned within the suprahepatic IVC; secondly, deflation of the REBOVC device positioned within the infrahepatic IVC followed by release of the Pringle maneuver, and finally deflation of the REBOA device positioned within the thoracic aorta.
A bolus of 1 L of Ringer's lactate was given at this time and balloons were maintained deflated for an additional 30 minutes.
Total Vascular Exclusion of the Liver with Suprahepatic IVC Injury
The objective in this phase of the experiment was to investigate hemorrhage control using the three balloons and the Pringle maneuver in the presence of a standardized injury of the SH-IVC. The right lobe of the liver was partially mobilized to expose a small segment of the SH-IVC. Subsequently, a 1.5cm longitudinal injury was created along the anterior wall of the SH-IVC with a number 11 surgical blade (Integra Miltex Medical Instruments, York, PA.) The injury extended caudally towards the liver beginning immediately above the confluence of the hepatic veins (Fig. 2) . Profuse bleeding ensued from the injury immediately. Manual compression was briefly applied to the liver followed by hepatic vascular exclusion through sequential deployment of the REBOA device, Pringle maneuver, the REBOVC device positioned within the infrahepatic IVC, and lastly the REBOVC device positioned within the suprahepatic IVC (Fig. 3) . Total vascular exclusion of the liver for hemorrhage control continued for 15 minutes. Hemody namic data were recorded throughout this period and blood samples were obtained for laboratory tests. Reversal of hepatic vascular exclusion was performed at the end of the 15-minute period. The balloons were sequentially deflated and the Pringle maneuver was released as previously described (Fig. 4) . This move resulted in profuse bleeding from the injury site on the anterior wall of the SH-IVC causing the animals to die from exsanguination shortly thereafter. In two animals the injury was repaired with running 5-0 polypropylene sutures (ETHICON, Somerville, NJ) prior to balloon deflation to ascertain hemorrhage control after balloon deflation.
Data were analyzed using GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA). Hemodynamic and laboratory data are reported as mean ± SD. Student's t tests were performed for continuous variables between two interventions/time points, analysis of variance ANOVA for comparison of three or more interventions/variables/time points and Tukey's multiple comparison test; p < 0.05 was considered statistically significant.
RESULTS
Functionally, the endovascular balloon catheters and the Pringle maneuver effectively halted the bleeding from the injury to the SH-IVC. Moreover, the two animals that underwent suture of the injury did not bleed after balloon deflation.
Hemorrhagic shock resulted in significant hypotension, the nadir in MAP occurred at 20 minutes (Fig. 5) . Vascular exclusion of the liver through deployment of the REBOA device followed by Pringle maneuver, and the REBOVC devices augmented MAP to levels equivalent to those seen during the surgical preparation phase. However, statistically significant reduction in MAP ensued despite an intact SH-IVC upon balloon deflation and release of the Pringle maneuver during reversal of hepatic vascular exclusion (Table 1) . Interestingly, the hemodynamic response to hepatic vascular exclusion in the setting of SH-IVC injury was similar to that of hepatic vascular exclusion without injury to the SH-IVC. However, reversal of the hepatic vascular exclusion in the presence of the SH-IVC injury resulted in rapid exsanguination. This event led to drastic decrease in MAP and CVP (Table 1) . A significant decrease in heart rate ensued and shortly thereafter, the animal expired from the bleeding. Laboratory tests performed 20 minutes after the beginning of shock showed significant reduction (p < 0.05) in the following parameters compared to baseline: pH (7.5 ± 0.1 vs. 7.2 ± 0.5), cBase extracellular fluid (2.6 ± 1.1 vs. -4.8 ± 2.3 mmol/L), and hemoglobin (122.8 ± 8.5 vs. 65.2 ± 10.6 g/L). Moreover, hemorrhagic shock also provoked an increase in serum lactate (1.8 ± 0.4 vs. 5.8 ± 1.2 mmol/L). Laboratory tests performed 15 minutes after complete vascular exclusion of the liver in the presence of SH-IVC injury were similar to the results observed during shock alone; respectively pH (7.2 ± 0.5 vs. 7.3 ± 0.3), cBase extracellular fluid (-4.8 ± 2.3 vs. -3.5 ± 3.7 mmol/L), and hemoglobin (65.2 ± 10.6 vs. 64.2 ± 10.5); (p > 0.05).
DISCUSSION
Control of noncompressible torso hemorrhage with intra-aortic balloon occlusion catheter was initially described in the early 1950s. 22, 23 Recent studies have
shown that REBOA is a safe and effective procedure for temporizing hemorrhage during the acute resuscitation phase of uncontrolled traumatic bleeding below the diaphragm. 17, 19, 21, [24] [25] [26] [27] [28] The notion that an endovascular balloon device could be used to temporize hemorrhage from injuries to the SH-IVC is not new. Several variations of this concept have been reported. 6, 7, 9, 16, 18, [29] [30] [31] However, the ideal method to achieve total vascular exclusion of the liver using endovascular balloon technology has not been stablished in the acute setting. 6, 11, 14, 16, 18, 20, 31, 32 In the present study, we describe the use of three endovascular balloon catheters in complete vascular exclusion of the liver as an alternative to direct surgical cross-clamping of the vessels. Our findings showed that this was an effective strategy to control bleeding from the suprahepatic segment of the IVC. Actually, reversal of the hepatic vascular exclusion in the setting of an injury to the SH-IVC resulted in almost instant exsanguination. Whereas reversal of hepatic vascular exclusion after suture repair of the injury (2 animals) did not result in bleeding. Although, control of the infrahepatic cava and the Pringle manuever are relatively easy procedures to perform during a laparotomy, seasoned surgeons know that neither would provide effective hemorrhage control in suprahepatic IVC injury. 18 Our procedure could be used when an injury to the suprahepatic IVC is suspected intra-operatively and pre-emptively in the rare situation when the injury is detected in preoperative computed tomography scans. The use of three balloons in the sequence that we describe herein effectively addressed the main challenges posed by suprahepatic IVC injuries. Initially, hemodynamic stability was achieved by inflation of the balloon positioned in the aorta REBOA. Subsequently, the Pringle maneuver and deployment of two REBOVCs provided complete vascular exclusion of the liver and a "bloodless" operative field. This sequence finds support in previous reports where aortic occlusion prior to a laparotomy, in the setting of massive intraabdominal bleeding, could potentially prevent sudden cardiovascular collapse. 9, 21, 24, 26, 28, [32] [33] [34] Moreover, experimental data also showed that zone I REBOA resulted in lower fluid and vasopressor requirements, and less acidosis compared to aortic cross-clamping through thoracotomy during shock resusucitation. 20 Notwithstanding these findings, previous studies showed that complete occlusion of the aorta can be poorly tolerated during hemorrhagic shock. 19, 35, 36 However, this adverse effect could be attenuated by performing only a partial occlusion of the aorta with the endovascular balloon. 19, 27 This strategy resulted in increased survival time and better physiologic response compared to complete REBOA, in a swine model of liver injury.
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In a recent experimental study, the use of a single REBOCV inflated in the suprahepatic IVC, Pringle maneuver, and direct control of the infrahepatic IVC with Rummel tourniquet (study group) was compared with the same procedures except for suprahepatic REBOVC inflation (control group) in animals with suprahepatic IVC injury. The authors did use REBOA device or cross clamp the aorta in any of the animals. Although the study group (suprahepatic REBOVC inflation) showed less bleeding and prolonged time to death the difference in outcomes were marginal. 18 In contrast to our study where the animals were hypovolemic even before the injury to the suprahepatic IVC was created and autotransfusion was countered by prior splenectomy, the authors of that study performed supra-hepatic IVC injury under normovolemia and intact spleen. We hypothesize that these reasons explain the prolonged survival time of the animals in that study and the lack of vascular collapse despite infrahepatic IVC control with Rummel tourniquet, REBOVC inflation in the suprahepatic IVC and Pringle maneuver.
More recently, the concept of automated endovascular variable aortic control (EVAC) was described in a liver injury model using an extracorporeal circuit. 37 This approach helped to prevent excessive aortic pressures above the REBOA while maintaining distal aortic blood flow. 37 Similar strategy could be adapted to our method of vascular exclusion of the liver to prevent intravascular volume overload above the diaphragm. Interestingly, however, in the present study total occlusion of the aorta by complete inflation of the REBOA device did not provoke increase in the CVP compared to the shock phase and baseline values. This finding could be partially explained by pre-existing hypovolemia secondary to shock and the decrease in preload caused by concomitant occlusion of the IVC. 24, 28, 32, 36 Our study also showed that adequate hemodynamic response continued for the duration of the complete vascular exclusion of the liver in the setting of hemorrhagic shock. We attributed this finding to the occlusion of the aorta REBOA before the inflation of the balloons in the IVC REBOVCs. This sequence could have attenuated the detrimental impact caused by preload reduction and mesenteric pooling. Correspondingly, previous studies showed that complete vascular exclusion of the liver during elective hepatectomies resulted in a 52% reduction in the cardiac index and a decrease in mean arterial pressure of 14%, despite preemptive infusion of crystalloid prior to the occlusion. 38, 39 However, when hepatic vascular exclusion was performed in combination with supra celiac cross-clamping of the aorta, the reduction in cardiac index was only 10% less and accompanied by an increase of 30% in the MAP. 39 Moreover, it has been shown that aortic occlusion prior to hepatic vascular exclusion decreases pooling of blood in the splanchnic circulation and in the lower extremities. 40 An additional advantage of our method is that it facilitates repositioning of the REBOA and the REBOVC devices, and the degree of occlusion of the aorta and the IVC based on the hemodynamic response of the patient. 19, 37 This recourse could be useful during resuscitation before a laparotomy, as well as intraoperatively. Actually, recent studies reported on bedside strategies to rapidly determine the inflation volume and the anatomic position of the balloon within the aorta using ultrasound and smartphone-based infrared imaging technology. 41, 42 In our study, we observed brief bleeding from the SH-IVC injury immediately after the deployment of the balloons during vascular exclusion of the liver. This bleeding, however, was negligible and had no detrimental effect on the hemodynamic status of the animals. Previous reports showed that this finding could be attributed to the residual blood trapped within the excluded segment of the IVC and in the liver parenchyma during hepatic vascular exclusion.
36,39-41 Accordingly, intraoperative Doppler ultra-sonography performed during hepatic vascular exclusion showed no blood flow to the liver in our model. The duration of complete vascular exclusion of the liver in our study was in keeping with previous reports that showed adequate tolerance to aortic cross-clamping and hepatic vascular exclusion during periods of 15 to 20 minutes. 11, 14, 38, [43] [44] [45] This study has important limitations mainly linked to the experimental model. Considering that the study was primarily designed for proof of concept, we used the fewest number of animals necessary to demonstrate the procedure. A formal control group was not included. Additionaly, a control group without balloon exclusion would invariably lead to immediate death of all the animals, hence an unnecessary investigation. Moreover, we simulated a worse-case scenario and did not incorporate current principles of hemorrhagic shock resuscitation pertaining to the use of vasopressors and blood products. We did not record the time to perform the procedure. Although placement of three balloon catheters through cutdown could potentially be time consuming, the procedure can be simplified using a percutaneous approach. Particularly with newer low profile REBOA catheters such as the wire free 7Fr. sheath ER-REBOA TM (Prytime Medical Devices Inc. Boerne, TX). Moreover, the aortic balloon catheter is the first one deployed as per the technique. Thus, instant hemodynamic improvement is achieved with the inflation of the balloon, providing hemodynamic support during the placement of the other two balloon catheters in the vena cava. Cardiovascular monitoring relied only on the assessmemt of MAP and CVP, which precluded the acquisition of more detailed information related to the hemodynamic response during total vascular exclusion of the liver. Lastly, we did not address the insertion of REBOVC devices through the internal jugular vein. This could be an alternate route for hepatic vascular exclusion when using our technique in the setting of pelvic fracture with a large pelvic hematoma.
In conclusion, sequential deployment one REBOA device and two REBOVCs associated with the Pringle maneuver enabled total vascular exclusion of the liver. This approach is less invasive than direct operative control of bleeding from injuries to the retrohepatic and suprahepatic IVC. Nevertheless, potential complications inherent to vascular access for balloon placement is a genunine concern. However, newer devices with smaller diameter could reduce these complications and expand the indications of the procedure as a preemptive measure in unstable patients who present with severe liver injuries.
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CLINICAL SIGNIFICANCE
Injuries to the suprahepatic IVC are highly lethal. Vascular exclusion of the liver during operative repair is difficult particularly in the setting of massive bleeding and pre-existing shock. The procedure described herein is less invasive than direct vacular exclusion, provides hemodynamic stability through control of the aorta, and effectively controls the bleeding from the suprahepatic IVC injury through total vascular exclusion of the liver.
